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. Due to the importance of quantum entangled states in quantum information and computation 

■ [1, 2, 3], much effort has been done recently towards an operational characterization of separable 

Q^l states [4, 5, 6]. The manifestations of mixed-state entanglement can be very subtle [7]. Till now 



there is no general efficient criterion in judging the separability. The Bell inequalities [8], Peres 
PPT criterion [9], reduction criterion [10, 11], majorization [12], entanglement witnesses [13, 
O^' 14], extension of Peres criterion [15], matrix realignment [16], generalized partial transposition 

criterion (GPT) [17], generalized reduced criterion [18], give some necessary (and also sufficient 
^ \ for some special cases [13]) conditions for separability. The separability criterion in [13] is both 
necessary and sufficient but not operational. For low rank density matrices there are also some 
necessary and sufficient operational criteria of separability [19, 20]. 

In [21, 22] the separability and entanglement of quantum mixed states in (8> C^, 
(E> and $5 composite quantum systems have been studied in terms of 
matrix analysis on tensor spaces. It is shown that all such quantum states p with positive partial 
transposes and rank r{p) < N are separable. In this article we extend the results in [21] to the 
case of composite quantum systems in (gi with general dimensions K, M, N G N. 
We give a canonical form of PPT states in C*^ with rank N and present a sufficient 

separability criterion. 

A separable state in C^^ Cq is of the form: 

Pabc = PiPl ® pI ® Pc> (1) 
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where J^iPi = !> < Pi < Pa density matrices associated with the subsystems a, 
a = A, B,c. In the following we denote by R{p), K{p), r{p) and k{p) the range, kernel, rank 
and the dimension of the kernel of p, respectively. 

We first derive a canonical form of PPT states in C| ® C| (8> with rank N, which allows 
for an explicit decomposition of a given state in terms of convex sum of projectors on product 
vectors. Let |0a), IIa), |2a); |0b), |1b), |2b); and |0c) ••• |A'' — Ic) be some local bases of the 
sub-systems A, B, c respectively. 

Lemma 1. Every PPT state p in C| (g) C| ® such that r((2A, 2b|p|2a, 2b)) = r(p) = N, 
can be transformed into the following canonical form by using a reversible local operation: 

P = \/f[DB da D CB CA C B a I]'^[DB da D CB CA C B a I]^/F (2) 

where A, B, C, D, F and the identity / are N x N matrices acting on and satisfy the 
following relations: [A, A^ = [B, B^ = [C, = [D, D^ = [B, A] = [B, A^ = [C, A] = 
[C, At] = [D, A] = [D, At] = [C, B] = [C, B^ = [D, B] = [D, B^ = [D, C] = [D, Ct] = 
and F = Ft (f stands for the transposition and conjugate). 



Proof. In the basis we considered, a density matrix p in Ca <8) C| 
always written as: 

/ El E\2 E\4 Ei5 

E2 E23 



) with rank N can be 



El 

El3 

El 
El 
El 



eL E3 



'17 
El 



^23 

eL 

El 
El 



E2A E25 

Esi 



eIa E4 



\Ei 



19 



^27 

El 
El 



^34 
^5 

El 



t 

45 



E. 
El 



El -7 Er,.J En-T Ea-J Ec-7 E, 



^37 
El 
El 



E. 
E. 



■47 
t 

48 
t 

49 



^45 

^5 

^6 
t 



^19 \ 

-£'29 
-E'39 

E4Q Eij E4S 



E16 Eir 

E26 
E36 



E18 

E27 E28 
E37 Ess 



Em 

Eq 



^57 
El 
El 



4 



Eas. E. 



E57 -£'58 -£'59 

-£•67 -£'68 -£-69 

-£■7 -£'78 -E'79 

Eh Esq 



E. 



t 

69 



78 

El 



E, 



(3) 



Eg J 



where E's are N x N matrices, r{Eg) = N. The projection (2a|/9|2a) gives rise to a state 

/ El E'js E-jg \ 



P={2a\p\2a) 



eI 

\ El 



Eh 



E. 



t 

'89 



-£'89 
Eg J 



(4) 



which is a state in C| (g) with r{p) = r{p) = N. Let ta denote the partial transposition with 
respect to the subsystem a. As every principal minor determinant of p^^ {p^'^) is some principal 
minor determinant of p, the fact that p is PPT implies that p is also PPT, i.e., p > 0. After 
performing a reversible local non-unitary "filtering" on the third system and using Lemma 
4 in [19] the matrix p can be written as 



/ B^B B^A St 
A^B A^A At 
^ B A I 



(5) 
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where [A,A'^] = [B,B^ = [B,A] = [B,A^ = 0. 

Similarly, if we consider the projection (2b|p|2b) , for the same reasons as above we conclude 
that the resulting matrix 

P = {2b\p\2b) 





Em 


-E'39 


Ele 


Eq 


-£-69 


El 


-^69 


Eg 



D^D D^C 
C^D C^C Ct 
D C I 



where [C, Ct] = [D, Z)t] = [D, C] = [D, = 0. 



Summarizing, after performing a local filtering operation -7= we can bring the matrix p to 



the form: 





El 


E12 


El3 


Eu 


El5 


E16 


El7 


Eis 


El9 ^ 




E\2 


E2 


E23 


E24 


E25 


E26 


E27 


E28 


E29 




eIs 


E23 


D^D 


E^A 


E35 


D^C 


E37 


E38 






El 


eL 


El 


Ea 


E45 


E4Q 


E47 


E48 


Ea9 




El 


El 


El 


El 


E5 


E56 


E57 


E58 


E59 




El 


El 


C^D 


El 


El 


C^C 


Eqj 


Eq8 


ct 




eI 


eI 


eI 


eI 


E57 


eI 


B'fB 


B'fA 


St 




El 


El 


El 


El 


El 


-^68 


A^B 


A^A 






El 


El 


D 


El 


El 


c 


B 


A 


I ) 



(6) 



Notice that = for 1^^/) = |21)|/) - |22)A|/) and arbitrary |/) e . As p > we 

have that |*/) is in the kernel. Using the same method , we can get that p has the following 
kernel vectors: 

|21)|/)-|22)A|/), \20)\g) -\22) B\g), 

(7) 

|12)|/i)-|22)C|/i), \02)\k) -\22) D\k), 
for all vectors |/), \g), \h), \k) e . This implies 



E38 


= D^A, 


Em 


= C^A, 


E37 


= D^B, 


Eq7 


= C^B, 


Eis 


= EigD, 


E23 


= E2gD, 




= E4gD, 


-^35 


= E^gD, 


Eie 


= EigC, 


Ei7 


= EigB, 


Ei8 


= EigA, 


i = 


1,2,4,5. 



(8) 



Substituting (8) into (6) and considering partial transposition of p with respect to the first 
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sub-system A, we have 



/ El 


E12 


El3 


El 


El 


E49D 


b^eI 


■1-.+ -nt 

b^eI 


B^D \ 


4- 


E2 


E23 


El 


4. 

El 


E59D 


1 -1- 

A^El 


1 4- 

a^eI 


A^D 


Els 


El 


D^D 


c^eI 


c^eI 


C^D 


El 


El 


D 


El4 


Ei5 


EigC 


E4 


E45 


E49C 


b^eI 




B^C 


E24 


E25 


E29C 


eI 


E5 


E59C 


a^eI 


a^eI 


A^C 


-E'34 


E35 


D^C 


c^eI 


C^El 


C^C 


El 


El 


C 


EigB 


E19A 


El9 


E49B 


E49A 


E49 


B^B 


B^A 


B^ 


E29B 


E29A 


E29 


E^qB 


E59A 


E59 


A^B 


A^A 


A^ 


\ D^B 






C^B 


C^A 




B 


A 


I 1 



Since the partial transposition with respect to the sub-system A is positive, p * > 0, and it 
does not change (2a|p|2a), we still have \2Q)\g) - \22)B\g), |21)|/) - |22)A|/) € k{p^^). This 
gives rise to the following equalities: 

= BtDt, E29 = 

E49 = StCt, = AtCt. ^^^^ 



p is then of the following form: 



Set 



/ El 

El 
D^DB 

El 

El 
C^DB 
B^DB 
A^DB 
\ DB 



E12 
E2 
D^DA 



t 

24 



E. 

El 
C^DA 
B^DA 
A^DA 

DA 



X 



B^D^D 
A^D^D 

D'^D 
B^C^D 
A^C^D 
C^D 
B^D 
A^D 
D 



E\4 

E24 

D^CB 

E4 

El 
C^CB 

B^CB 
A^CB 
CB 



El5 

E25 
D^CA 

E45 

E5 
C'^CA 
B^CA 
A^CA 

CA 



B'fD'fC 
A^D^C 

D^C 
B^C^C 
A^C^C 
C^C 
B^C 
A^C 
C 



B^D^B 
A^D^B 
D^B 

B^C^B 
A^C^B 
C^B 
B^B 
A^B 
B 



B'fD^A B'fD'f \ 
A^D^A A^D^ 

D^A 
B^C^A B^C^ 
A^C^A A^C^ 

C'^A 



B^A 
A^A 
A 



( Ei5 B^D^C B^D'fB B^D'fA B'^D^ \ 

E25 A^D^C A^D^B A^D^A A^D^ 

D^CA D^C D^B D^A 

\ E45 B^C^C B^C^B B^C^A B^C^ ) 



At 
I 



(11) 



/ El E12 B^D^D Ei4 \ 
eI E2 A^D^D E24 
D^DB D^DA D^D D^CB 
\ El El B^C^D E4 ] 

and 

PS = S + diag(A, 0, 0, 0, 0), 
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where 





/ A^C^CA 


A'^C^C 


A^C^B A^C^A 


A^C'^ \ 




C^CA 


C^C 


C^B C^A 


ct 


s = 


B^CA 


B^C 


B^B B^A 


St 




A^CA 


A^C 


A^B A^A 






\ CA 


C 


B A 






A = E5 


- A^&CA 





(12) 

and diag(Ai, ^2, ^m) denotes a diagonal block matrix with blocks ^1,^2,..., A^. p can then 
be written in the following partitioned matrix form: 



Y 



X 

Pb 



As S possesses the following 4N kernel vectors: 

((/I, 0, 0, 0,-(/|Atctf, (0,(5|,0, 0,-(5|Ctf , 
(0, 0,(/i|, 0, -(/i|i?t)T, (0, 0, 0,(i|, -{i\A^Y 

for arbitrary |/), \g), \h), \i) G C^, the kernel Kill) has at least dimension AN . On the other 
hand r(S) + k{T?) = 5N, therefore < N. As the range of S has at least dimension N 

due to the identity entry on the diagonal, we have r(S) = A^. Notice that r{pr,) < r{p) = N, 
it is easy to see that r{p5) = N. To show that A = 0, we make the following elementary row 
transformations on the matrix p^, 

I 



/ I 
0/00 

0/0 

/ 

V 



-At 



A 





V CA 

















C B 







A 



\ 




I ) 



(13) 



As the rank of p^ is A/", from (13) we have A = 0, and hence E's = A^C^CA. 

Now, notice that (^'/|p|*/) = for 1^-/) = |11)|/) - \22)CA\f) and arbitrary |/) G . 
Since p > we have = p\^f) = \00){Ei5 - BW^CA)\f) + \01){E25 - A^ D^CA)\f) + |10)(S45 - 
B^C^CA)\f), which, as |/) is arbitray, leads to E15 = B^D^CA, E25 = A^D^CA, E45 = 
B'^C'^CA, thus the matrix p becomes 

/ El E12 BW^D Eu B^D^CA B^D^C B^D^B B^ A B^D^ \ 

A^D^D E24 A^D^CA A^D^C A^D^B A^D^A A^D^ 

D^D D^CB D^CA D^C D^B D^A 

B^C^D E4 B^C^CA B^C^C B^C^B B^C^A B^C^ 

A^C^DB A^C^DA A^C^D A^C^CB A^C^CA A^C^C A^C^B A^C^A A^C^ 

C^DB C^DA C^D C^CB C^CA C^C C^B C^A 

B^DB B^DA B^D B^CB B^CA B^C B^B B^A B^ 

A^DB A^DA A^D A^CB A^CA A^C A^B A^A At 

DB DA D CB CA C B A I 



EI2 
D^DB 



E12 
E2 
D^DA 



E- 



14 



E. 



t 

24 



V 



(14) 



Similarly, we can derive E4 = B^C^CB, Eu = B^D^CB, E24 = A^D^CB, E2 = A^D^DA, 
E12 = B^D^DA, El = B^D^DB. p then is of the following form: 



/ Rt 7~)t n R 


Ht nt n A 

JD' U' UJi 


Rt 7~)t n 


JD ' U' U JD 


Rt nt/^ A 

JD ' U' U /i 


Rt nt/^ 

ID' U' Ly 


Rt nt R 

ID' U' ID 


B^D^A B^D^ \ 


A^D^DB 


A^ DA 


A^D^D 


A^D^CB 


A^D^CA 


A^D^C 


a^d'^b 


A^D'fA 




D^DB 


D^DA 


D^D 


D^CB 


D^CA 


D^C 


D^B 


D^A 


D^ 


B^C^DB 


B^C^DA 


B^C^D 


B^C^CB 


B^C^CA 


B^C^C 


b^c^b 


B^C^A 


B^C^ 


A^C^DB 


A^C^DA 


A^C^D 


A^C^CB 


A^C^CA 


A^C^C 


A^C^B 


A^C^A 


A^C^ 


C^DB 


C^DA 


C^D 


C^CB 


C'^CA 


C^C 


C^B 


C^A 


ct 


B^DB 


B^DA 


b'^d 


B^CB 


B^CA 


B^C 


B^B 


B^A 


St 


A^DB 


A^DA 


A^D 


A^CB 


A^CA 


A^C 


A^B 


A^A 


At 


\ DB 


DA 


D 


CB 


CA 


C 


B 


A 


I J 


= [ DB DA 


D CB 


CA C 


B A I 


t[DS DA D CB CA C B A I] 





The commutative relations [A, D] = [B, D] = [A, C] = [B, C] = [A, L>t] = [b, D^ = 
[A, ct] = [B, ct] = follow from the positivity of all partial transpositions of p. We first 
consider: 

/ B^D^DB A^D^DB D^DB B^D^CB A'^D^CB D^CB BW^ B A^D^B D^ B \ 

B^D^DA A^D^DA D^DA B^D^CA A^D^CA D^CA B^D^A A^D^A D^A 

B^D^D A^D^D D^D B^D^C A^D^C D^C B^D^ A^D^ Z)t 

B^C^DB A^C^DB C^DB B^C^CB A^C^CB C^CB B^C^B A^C^B C^B 

B^C^DA A^C^DA C^DA B^C^CA A^C^CA C^CA B^C^A A^C^A C^A 

B^C^D A^C^D C^D B^C^C A^C^C C^C B^C^ A^C^ Ct 

B^DB A^DB DB B^CB A^CB CB B^B A^B B 

B^DA A^DA DA B^CA A^CA CA B^A A^A A 

\ B^D A^D D B^C A^C C B^ A^ I J 

Due to the positivity, the matrix p*^ must possess the kernel vector |12)|/) — |22)C|/), |02)|5) — 
\22)D\g), which implies that [A, C] = [B, C] = [A, D] = [B, D] = 0. The matrix p*^ can be 
then written as: 

/ \ 

D'fA 
Dt 

cts 
ct^ 
ct 
c 

B 
A 

\ I / 



Jb - 



( B^D 



A^D D B^C A^C C St At 



which implies automatically the positivity. 
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Prom the positivity of p*-*^ , 



Jab 





A^D^DB 


d'^db 


b'^c'^db 


A^C'^DB 


C^DB 


b'^db 


A^DB 


DB \ 


B^D^DA 


A'^D'fDA 


D^DA 


B^C^DA 


A^C^DA 


C^DA 


B^DA 


A^DA 


DA 


B^D^D 


A^D^D 


D^D 


B^C^D 


A^C^D 


C^D 


B^D 


A^D 


D 


B'fD'fCB 


A^D^CB 


D^CB 


B^C^CB 


A^C^CB 


C^CB 


B^CB 


A^CB 


CB 


B^D^CA 


A^D^CA 


D^CA 


B^C^CA 


A^C^CA 


C^CA 


B^CA 


A^CA 


CA 


B^D^C 


A^D^C 


D^C 


B^C^C 




C^C 


B^C 


A^C 


C 


B^D^B 


A^D^B 


D^B 


B^C^B 


A^C^B 


C^B 


B^B 


A^B 


B 


B^D^A 


A^D^A 


D^A 


B^C^A 


A^C^A 


C^A 


B^A 


A^A 


A 


\ B^D^ 






B^C^ 


A^C^ 




B^ 


A^ 


I J 



we have that |12)|/)-|22)Ct|/), \Q2)\g) -\22) D^ \g) are kernel vectors, which results in [A, D^] 
[B, L>t] = [A, Ct] = [B, Ct] = 0. p*^B is then of the form: 



Jab 



( DB\ 

DA 
D 
CB 
CA 
C 
B 
A 
I 



( stDt ^t£)t £)t 5tct ^tct ct St ^t ly 



This form assures positive definiteness, and concludes the proof of the Lemma. □ 
Using Lemma 1 we can prove the following Theorem: 

Theorem 1. A PPT-state p'm.C^ ® with r{p) = N is separable if there exists a 
product basis |eA, /s) such that r((eA, fB\p\eA, /s)) = N. 

Proof. According to the Lemma the PPT state p can be written as 
/ st^t ^^ 

5t 
At 

V I I 



DB DA D CB CA C B A 1 



)• 



Since all A, A^ , B, B'^ , C , C\ D and commute, they have common eigenvectors \fn)- Let 
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o-n, bn, Cn and dn be the corresponding eigenvalues of A, B, C and D respectively. We have 

/ b*d* \ 



ifnWn) 



* -7* 



b*c* 



n*r* 





( < ] 














an 










[ 1 ) 





{dn Cn 1) (8) (6„ an 1) = [Ca, /b) (Ba, /b 



We can thus write p as 



where 



N 



|/n)(/n|) 



n=l 



/ dl 



\ 



1 



6* 



Because the local transformations are reversible, we can now apply the inverse transformations 
and obtain a decomposition of the initial state p in a sum of projectors onto product vectors. 
This proves the separability of p. □ 

The above approach can be extended to the case of higher dimensions like C\®C^ . Let 
|0a), |1a), |2a); |0b), • • •, |M — 1b); and |0c) • • • — Ic) be some local bases of the sub-systems 
A, B, c respectively. Prom Lemma 1 it is straightforward to prove the following conclusion: 



Lemma 2. Every PPT state p in CX^Cf 0C/: such that r{{2A,M -Ib\p\2a,M -Ib)) = 
r{p) = N, can be transformed into the following canonical form by using a reversible local 
operation: 

p = \fFT^T^, (15) 

where T = {C B I) {Am~i Am-2 ■■■ Ai I), Ai, B, C, F and the identity I are N x N 
matrices acting on and satisfy the following relations: [Ai, Aj] = [A^, Aj^] = [B, B^] = 
[C, Ct] = [B, Ai] = [B, Ai^] = [C, Ai] = [C, Ai^] = 0, j = 1, 2, • • • , M - 1 and F = Ft. 

Extending Theorem 1 to higher dimensions, we have: 

Theorem 2. A PPT-statc p in C'^ (gi C*^ (8> with r(p) = A'^ is separable if there exists a 
product basis {ca, /b) such that r{{eA, fB\p\eA, fs)) = N. 
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By extending Lemma 2, Theorem 2 and the results in [21] and [22], we can give the canonical 
form of PPT states in Cf (g) (g) with rank N. Let |0a), • • ■, ji^ - 1a); |0b), • • •, |M - 1b); 
and jOc) • • • jiV — Ic) be some local bases of the sub-systems A, B, c respectively. 

Lemma 3. Every PPT state p in ® ® such that r{{K - I a, M - Ib\p\K - 
1a,M — 1b)) = fip) = can be transformed into the following canonical form by using a 
reversible local operation: 

p = y/FT^rVr, (16) 

where T = Bk-2 •■■ -Bi /) (g) (vIm-i Am-2 ■■• Ai I), Ai, Bj, F and I are N x N 

matrices acting on and satisfy the following relations: [Ai, Ag] = [Ai, Ag^] = [Bt, Bj] = 
[Bt, S/] = [Ai, Bj] = [Ai, S/] = and F = Ft, = 1,2, • • • ,M - 1, j,t = 1,2, • • • ,K - 1. 

Proof. In the basis we considered, a density matrix p in (g) (g with rank TV can 
be always written as a KM x KM partitioned matrix. Let F^ be the i, j-element of p. Denote 
Eii = Ei. Every E's are N x A/"-matrices and r{EKM) = N. Because p is self-adjoint, we have 
Fi, = F]., i>j. 

The projection {K — lj^\p\K — 1^) gives rise to a state p = {K — 1a\p\K — 1a) which is a 
state in C^'' with r{p) = r{p) = N. The fact that p is PPT implies that p is also PPT, i.e., 
p > 0. Using the Lemma 5 in [19] we have 

P= [Ci,---,Cm-i,/]^[Ci,---,Cm-i,/], (17) 

where [d, C]] = [d, Cj] =0, i,j = l,---,M-l. 

Similarly, if we consider the projection (M — 1b|p|M — 1b) , we have 

P=[Di,---,Dk-uI]^[Du---,Dk-uII (18) 

where [A, ^J] = [A, -Dj] =0, i,j = \,--,K-\. Altogether we have K'^ + M'^-l E's. 
p has the following M — 1 kernel vectors: 

\K-l,i)\fi)-\K-\,M-l)CM-i-i\h), i = 0,l,...,M-2 (19) 

for all vectors j/j) G . Similarly there are K — 1 other kernel vectors, 

\j,K-l)\gj)-\K-l,M -l)Dj\gj), j = 0,1, K - 2 (20) 

for all vectors \gj) G . Prom these kernel vectors of p, we observe that the Fy are dependent 
on the last column elements of p. Prom p** > and that the partial transposition of p with 
respect to the first sub-system A does not change the positivity of {K — IaIpI-?^ — 1a) , we still 
have some kernel vectors that belong to k{p*''), from which we can get the last column elements 
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and hence the last row elements of p. Then we can write p in the following partitioned matrix 
form: 

with 

_ Ek Z \ 
^° - Zt W 

where Z and W are known, k = KM — (M + 1). Similar to the proof of Lemma 1, denoting 
po = 11 + diag(A, 0, 0, . . . , 0) and proving that A = we get the form of Ek. 

By repeating the procedure above, we can calculate all the diagonal elements of p. The rest 
commuting relations among A^, Bj can be obtained from the PPT properties of p, similar to 
the case in Lemma 1. □ 

Prom the canonical form (16), we can obtain the following result: 

Theorem 3. A PPT-state p in (g) (g) with r(p) = iV is separable if there exists a 
product basis \eA, fs) such that r{{eA, /bIpIca, /b)) = N. 

In the following we give some detailed examples related to our canonical form of PPT states 
and the separability criterion. 

i) An obvious separable mixed state on ifxMxiV is p = ^ |j ^ , where / is an 
N X N unit matrix. Obviously p is a PPT state with rank N, and there exist \eA) = |0a), 
I/b) = |0b), such that (e^, /bIpIsa, /b) = jfl- Therefore r((eA, /bIpIca, /b)) = r{p) = N. Thus 
the conditions in Theorem 3 are satisfied and p is separable. In fact, if we set = |^2) = \^a), 

= \h) = |0b), = 75(|0c) + |<^2) = ^(|0c) - |lc)), Pi=P2 = i then p can be 

written in a separated form: 

P = PlPll ® Pl2 <8> Pl3 + P2P21 ® P22 ® P23, 

where pn = Pi2 = Pis = i = 1,2. 

ii) Consider a three-qubit state: ~ ( ^ q ) with ^=|2 ^j,aG K.p is a mixed 



2 



state as trp < 1. It is easily verified that p is PPT: 



ptA = ptB = ptc = ptAB = ptAC = ptBC = p 

and r(p) = 2. Let je^) = |/b) = |0). We have {ea, fB\p\eA, fs) = \l- Therefore r((eA, /bIpIsa, /b 
r(p) = 2. From Theorem 3 p is separable. In fact p has separable form 

P = PiPii ® Pi2 <8) Pi3 + P2P21 <X) P22 <X) P23, 

where jV'i) = IV2) = \(f>i) = |02) = |0), Wi) = ^(|0) + |1)), l^s) = ^(|0) - |1)), Pi = P2 = \, 
and Pa = Pi2 = PiS = Wi){^i\, i = 1,2. 
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iii) The biseparable three-qubit bound entangled state: 

p = \{i-jl\^i){i^i\), 
1=1 

where IV'O's are given by |0,1,+), |l,+,0), |+,1,0), |-, -, -) with |±) = ^(|0) ± |1)). p is a 
PPT state as p*-* = p*^ = ptc = ptAB = ptAc = ptac = p_ n jg separable under any bipartite cut 
A\BC,B\AC,B\CA. But it is entangled (not fully separable). As r(p) 7^ 2 this state does not 
satisfy the conditions of Theorem 3 and the corresponding conclusions could not be deduced. 

We have derived a canonical form of PPT states in with rank N and a sufficient 

separability criterion from this canonical form. For if > 2, M > 3, the separability criterion we 
can deduce is weaker, as PPT criterion is no longer sufficient and necessary for the separability 
of bipartite states. Nevertheless the canonical representation of PPT states can shade light on 
studying the structure of bound entangles states which are PPT but not separable. 
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